The basic pathophysiological mechanisms underlying septic cardiomyopathy have not yet been completely clarified. Disease-specific treatments are lacking, and care is still based on supportive modalities. The aim of our study was to assess the protective effects of melatonin on septic cardiomyopathy, with a focus on the interactions between receptor-interacting protein kinase 3 (Ripk3), the mitochondria, endoplasmic reticulum (ER) and cytoskeletal degradation in cardiomyocytes. Ripk3 expression was increased in heart samples challenged with LPS, followed by myocardial inflammation, cardiac dysfunction, myocardial breakdown and cardiomyocyte death. The melatonin treatment attenuated septic myocardial injury in a comparable manner to the genetic depletion of Ripk3. Molecular investigations revealed that Ripk3 intimately regulated mitochondrial function, ER stress, cytoskeletal homeostasis and cardioprotective signaling pathways. Melatonin-mediated inhibition of Ripk3 improved mitochondrial bioenergetics, reduced mitochondria-initiated oxidative damage, sustained mitochondrial dynamics, ameliorated ER stress, normalized calcium recycling, and activated cardioprotective signaling pathways (including AKT, ERK and AMPK) in cardiomyocytes. Interestingly, Ripk3 overexpression mediated resistance to melatonin therapy following the infection of LPS-treated hearts with an adenovirus expressing Ripk3. Altogether, our findings identify Ripk3 upregulation as a novel risk factor for the development of sepsisrelated myocardial injury, and melatonin restores the physiological functions of the mitochondria, ER, contractile cytoskeleton and cardioprotective signaling pathways. Additionally, our data also reveal a new, potentially therapeutic mechanism by which melatonin protects the heart from sepsis-mediated dysfunction, possibly by targeting Ripk3.
Introduction
Septic shock, which is caused by a serious inflammatory response, is the leading cause of mortality and morbidity in hospitalized patients worldwide [1, 2] . Sepsis-induced myocardial injury, a reversible form of cardiac depression, is characterized by cardiomyocyte death, oxidative stress, an excessive inflammatory response, microvascular vasospasms and ventricular systolic disorder [3, 4] . In patients with septic shock, elevated hs-cTnI levels, decreased cardiac output, increased peripheral vascular resistance and cool extremities are noted in clinical practice [5, 6] . Additionally, the majority of patients with septic cardiomyopathy exhibit increased early, but not late, mortality, as well as postdischarge cardiovascular morbidity [7, 8] . Accordingly, an effective and rapid therapeutic approach to attenuate septic cardiomyopathy remains an urgent clinical need [9] .
At the cellular level, cardiomyocytes are the primary target that undergo death during septic cardiomyopathy due to excess inflammation [10] . At the molecular level, two signaling pathways are altered in answer to septic shock: mitochondrial injury and endoplasmic reticulum (ER) stress [11, 12] . The mitochondrion is an energy center of https://doi.org/10.1016/j.redox.2019.101287 Received 22 June 2019; Received in revised form 9 July 2019; Accepted 26 July 2019 the cardiomyocyte, controlling cardiomyocyte metabolism and survival by constantly providing ATP [13, 14] . The ER is the internal calcium store, supporting cardiomyocyte contractile and relaxation functions by tightly recycling cytoplasmic calcium concentrations [15, 16] . Numerous investigations have provided insights into the causal roles of mitochondrial injury and ER stress in the progression of septic cardiomyopathy [17, 18] . However, the upstream mediator of mitochondrial damage and ER dysfunction has not been identified.
Recently, receptor-receptor-interacting protein kinase 3 (Ripk3) activation has been shown to be closely associated with the pathological progression of inflammation [19] . A Ripk3 deficiency attenuates inflammation and organ injury in neonates with sepsis [20] . Mechanistically, Ripk3 enhances sepsis-induced kidney injury via promoting mitochondrial dysfunction [21] . This finding is subsequently supported by an observation in a cardiac ischemia reperfusion model that genetic ablation of Ripk3 reduces cardiomyocyte death through modulating mitochondrial homeostasis [22] . Additionally, the relationship between Ripk3 activation and ER stress has also been identified in breast cancer and cardiac hypertrophy [23] . Thus, Ripk3 seems to be the common upstream signal for mitochondrial injury and ER stress [24, 25] . Accordingly, investigations of whether Ripk3 participates in septic cardiomyopathy by affecting both mitochondrial injury and ER stress would further benefit the field.
Despite the numerous studies performed to date, very few therapies are available for inflammation-induced cardiac depression [26, 27] . Melatonin, a product of tryptophan, modulates the inflammatory response, cell apoptosis [28] , oxidative stress, and microvascular vasospasms [29] in various disease models, such as cardiac ischemia reperfusion injury [30] , fatty liver disease [31] , drug-induced acute renal injury [32] , Parkinson's disease, and cancer. The therapeutic effects of melatonin on sepsis have also been widely explored and several protective mechanisms of melatonin have been proposed. Activation of the PI3K/Akt pathway, inhibition of the NLRP3 inflammasome, and antioxidant properties have been identified as the regulatory mechanisms that explain the beneficial effect of melatonin on sepsis. Melatonin was recently shown to prevent Ripk3 activation and subsequently send prosurvival signals to the reperfused heart [22] . However, no evidence is available that establishes the effect of melatonin on Ripk3 in the setting of septic cardiomyopathy. Moreover, in light of the protective effects of melatonin on the mitochondria and ER, studies exploring the therapeutic potential of targeting the Ripk3-modified mitochondrial injury and ER stress with melatonin in animal models of lethal septic cardiomyopathy are worthwhile. Collectively, the goals of our study are to verify 1) whether Ripk3 is upregulated in septic cardiomyopathy; 2) whether increased Ripk3 expression enhances cardiac depression by inducing mitochondrial injury and ER stress; and 3) whether melatonin reverses septic cardiomyopathy by suppressing Ripk3 activation, improving mitochondrial performance and normalizing ER function.
Materials and methods

Animals and treatment
All experimental protocols were approved by the Animal Experiment Committee of Nanfang Hospital at Southern Medical University (Guangzhou, China). Male C57BL/6 wild-type (WT) mice and Ripk3-knockout (Ripk3-KO) mice were purchased from GemPharmatech. These mice, weighing 20 g-22 g (10-12 weeks old), had free access to food and water and were housed at 26°C on a normal light/dark cycle. A septic cardiomyopathy model was established via an intraperitoneal injection of 15 mg/kg LPS [33, 34] . The concentration was selected based on a previous study using a model of septic cardiac cardiomyopathy. Forty-eight hours after the injection, cardiac function was analyzed (n = 6 per group). The hearts of the mice in each group were immediately collected for further assays. Melatonin (20 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) was intraperitoneally injected 12 h before LPS-induced myocardial injury. To reactivate Ripk3 in melatonin-treated mice, the adenoviral vector expressing Ripk3 (ad-Ripk3) was injected into the myocardium of melatonin-treated mice 24 h before LPS injury, as described in a previous study [22] .
Cell culture
Primary cardiomyocytes were isolated from WT and Ripk3-KO mice using an enzyme digestion method described in a previous study [35] . Cardiomyocytes were cultured in Dulbecco's modified Eagle's medium (DEME) supplemented with 20% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in a humidified atmosphere with 5% CO 2 and maintained in a logarithmic growth phase for all experiments [36] . LPS (5 μg/ml) was added to the cultures for 48 h to induce cardiomyocyte damage, and 10 μM melatonin was used to protect cardiomyocytes from LPS-induced inflammatory injury [37] .
Echocardiography and cardiomyocyte shortening/relengthening evaluations
Echocardiography was performed on all mice using an Esaote Twice System with an SL3116 transducer [38] . Two-dimensional and M-mode echocardiographic measurements were recorded with a VEVO 2100 high-resolution in vivo imaging system [39] . Cardiomyocyte shortening and relengthening assays were performed using a SoftEdge MyoCam system (IonOptix, Milton, MA), as described in a previous study [40] . Briefly, cardiomyocytes were isolated from reperfused hearts, and then single cardiomyocytes were observed under an inverted microscope. The time to peak shortening (TPS), time to 90% relengthening (TR90), maximal velocity of shortening (+dL/dt), and maximal velocity of relengthening (-dL/dt) were recorded [41] .
ELISA
The levels of inflammation markers, including interleukin 6 (IL-6), interleukin 10 (IL-10), MCP1, MMP9 and tumor necrosis factor-α (TNF-α) were examined using ELISA kits according to the manufacturer's recommendations [42] . Additionally, the levels of antioxidants such as SOD, GPX and GSH in cardiomyocytes were also detected via ELISAs supplied by Beyotime Biotechnology Co., Ltd. (Beijing, China) [43] . Serum levels of creatine kinase, lactate dehydrogenase (LDH) and troponin T were measured using commercial kits according to the manufacturer's protocols (CUSABIO, Wuhan, China) [44] .
Construction and transfection of the Ripk3 adenoviral vector (adRipk3)
For stable overexpression of Ripk3 in cardiomyocytes, a Ripk3 adenoviral vector was designed and generated by Obio Technology (Shanghai, China) [45] . The plasmids were also extracted and sequenced by Obio Technology. Cardiomyocytes were transfected with the Ripk3 adenoviral vector using a ViraDuctin™ Transduction Kit [46] . After 48 h of incubation in a 5% CO 2 incubator, the transfection was terminated, and western blotting was used to confirm the overexpression efficiency [47] .
Western blotting
Samples were washed with pre-cooled PBS, lysed in RIPA solution, and centrifuged at 12,000×g for 30 min. Following detection of protein concentration by BCA (Beyotime Biotechnology, Beijing, CHINA), proteins (30 μg) were separated by 10% sodium dodecyl sulfatepolyacrylamide (SDS-PAGE) gel electrophoresis and transferred onto a polyvinylidene difluoride (PVDF) membrane [48] . After blocking the nonspecific binding sites with 5% non-fat milk in Tris buffered salineTween 20 (TBS-T), the membranes were incubated overnight with antibodies against Drp1 (1:1000, Abcam, #ab56788), Opa1 [49] . The membranes were washed with TBS-T and incubated with goat anti-rabbit IgG, peroxidase conjugated secondary antibodies (1:5,000, Biosharp Life Sciences, China) at room temperature for 1 h [50] . Proteins were visualized using chemiluminescence detection reagents (Thermo Scientific Pierce ECL Plus). Relative band intensities were determined by Image Lab software (BioRad Technologies) [51] . GAPDH was used as an internal control. The results of analysis were expressed as a relative ratio of the target protein to internal reference. All experiments were repeated three times [52] .
Immunofluorescence
The immunofluorescence studies were carried out as described previously. Briefly, cultured cardiomyocytes or heart tissues were fixed with 4% paraformaldehyde, incubated in 3% normal donkey serum containing 0.3% Triton X-100 at 37°C for 1 h [53] , and incubated with primary antibodies overnight at 4°C, followed by incubation with secondary antibodies. Then, the samples were stained with DAPI and observed and captured using an Olympus FV1000 (Olympus, Tokyo, Japan) laser confocal microscope [54] . The images were analyzed using Image Pro-Plus software (Image Solutions, Torrance, CA, USA). The primary antibodies used in the present study were as follows: p-Akt (1:1000, Abcam, #ab81283), p-JNK (1:1,000; Cell Signaling Technology, #9251), Tom20 (1:1,000, Abcam, #ab186735), Myosin (1:1000, Abcam, #ab50967), tubulin (1:1000, Cell Signaling Technology, #5335), Gr1 (1:1000, Abcam, #ab25377), troponin T (1:1000, Abcam, #ab8295), cleaved caspase3 (1:1000, Abcam, #ab49822) [55] .
Electron microscopy
After treatment and injury, tissues were immediately isolated from the left ventricle and fixed with 2% glutaraldehyde at 4°C for 30 min. Thin sections (60 nm) were then cut and stained with lead citrate and uranyl acetate at room temperature for 4 h. Next, samples were embedded in resin at room temperature for another 2 h. A Hitachi H600 Transmission Electron Microscope (Hitachi, Ltd., Tokyo Japan) was used to observe the samples [56] .
Mitochondrial oxygen consumption rate (OCR) and mitochondrial membrane potential detection
An ATP Bioluminescence Assay Kit was used to analyze cellular ATP production as described in a previous report. The mitochondrial oxygen consumption rate (OCR) was evaluated with an XFe96 extracellular flux analyzer (Agilent Technologies, CA, USA) [57] . Mitochondrial membrane potential was determined via JC-1 probe (Molecular Probe, USA) according to the manufacture's instruction [58] .
MTT assay and LDH release assay
Cell viability was determined using a routine MTT assay. Briefly, cardiomyocytes were seeded in 96-well plates at a density of 1 × 10 4 cells/well [59] . After treatment with LPS and/or melatonin, the media were removed and replaced with 10 μl of the MTT solution (5 mg/ml). After a 3 h incubation, the MTT was removed and 150 μl of DMSO were added to each well. The optical density was recorded at 570 nm (OD570) using a microplate reader (MK3, Thermo, Germany). The LDH release assay was performed using a commercial kit (Beyotime Biotechnology, Beijing, China) [60] .
Flow cytometry analysis of mitochondrial ROS production
Cardiomyocytes were seeded onto 6-well plates and then treated with LPS and melatonin to detect mitochondrial ROS production [61] . Next, cells were pretreated with the MitoSOX red mitochondrial superoxide indicator (Molecular Probes, USA) at a final concentration of 10 μM at 37°C for 30 min, as described in a previous study [62] . Then, cells were harvested and resuspended in PBS. The mitochondrial ROS level was detected using fluorescence spectroscopy [63] .
TUNEL staining and detection of cardiomyocyte calcium concentrations
Cell death was identified using the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay with an in situ Cell Death Detection kit (Promega, Madison, WI, USA), according to the manufacturer's instructions [64, 65] . Five fields per section in three sections were examined from each experimental group. Fura-2-AM (Molecular Probes) was used to detect the intracellular calcium concentration, and cellular calcium was subsequently performed under an inverted microscope. The fluorescence intensity of calcium was measured using Image Pro-Plus software (Image Solutions, Torrance, CA, USA) [66] .
qRT-PCR
Total RNA was extracted from harvested cells using TRIzol reagent (Thermo Fisher Scientific, Inc.). RNA was quantified and reverse-transcribed into complementary DNAs using specific stem-loop reverse transcription primers [67] . First-strand mRNAs were synthesized using a HiScript II Q RT SuperMix for qPCR (Vazyme Biotech Co, Ltd.), and the quantitative real-time PCR analysis (qRT-PCR) was performed using a ChamQTM Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.) on a Bio-Rad CFX96TM R-T PCR instrument (Bio-Rad) [68] . The Vazyme cycling conditions were: 95°C for 30 s followed by 39 cycles at 95°C for 10 s and 60°C for 30 s. Then, a melting curve analysis was performed by increasing the temperature 0.5°C from 65°C to 95°C for 15 min. GAPDH was used as a loading control. PCR primers used in this study were synthesized by Sangon Biotech (Shanghai, China) and the sequences were: TNFα (Forward, 5'-AGATGGAGCAACCTAAGGTC-3'; Reverse, 5'-GCAGACCTCGCTGTTCTAGC-3'), MCP1 (Forward, 5'-GGA TGGATTGCACAGCCATT-3'; Reverse, 5'-GCGCCGACTCAGAGGTGT-3'), and IL1 (Forward, 5′-TTGCTCGAGTGAGTGAGGAT-3′, Reverse, 5′-TGTGACAGCGATGGACAGTG-3′) [69] .
Statistical analysis
Data were generated through at least three independent experiments and were presented as the means ± SEM. The statistical analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). All results in the present study were obtained by one-way analysis of variance, followed by Tukey's test. P < 0.05 was considered statistically significant.
Results
Ripk3 deletion prevents LPS-induced inflammation and myocardial injury
In the present study, LPS was used to induce sepsis and myocardial Fig. 1 . Melatonin attenuates sepsis-related myocardial inflammation and injury. A-E. LPS was injected into WT and Ripk3-knockout (Ripk3-KO) mice to establish the septic cardiomyopathy model. Then, melatonin was used to prevent LPS-mediated sepsis. Adenovirus-loaded Ripk3 (ad-Ripk3) was injected into melatonin-treated hearts to reverse the suppression of Ripk3 expression in melatonin-treated mice. Subsequently, blood was isolated and ELISAs were used to detect the alterations in TNFα, IL-6, IL-10, MCP-1 and MMP9 levels. F-H. After LPS-mediated septic cardiomyopathy, qPCR was used to measure the levels of mRNAs encoding inflammatory factors, such as TNFα, IL-1 and MCP1. I-J. Heart tissues were collected and then immunofluorescence staining was performed to analyze the accumulation of Gr-1-positive cells in the myocardium. Tn-T was used to label the myocardial fibers. K-M. After the LPS injection, the concentrations of the cardiac damage markers LDH, CK-MB and Tn-T were determined using ELISAs. *p < 0.05. Bar: 120 μm.
injury. An excessive inflammatory response has been acknowledged as the hallmark of septic cardiomyopathy, and therefore, ELISA was used to detect alterations in the serum levels of inflammatory factors. As shown in Fig. 1A -E, compared to the control group, the LPS treatment significantly increased the serum levels of TNFα, IL-6, IL-10, MCP1 and MMP9. Interestingly, the melatonin treatment prevented the increase in the levels of the inflammatory factors, suggesting that melatonin inhibited LPS-induced inflammation. Ripk3 knockout (Ripk3-KO) mice were used to verify whether Ripk3 was involved in LPS-induced sepsis. Additionally, a Ripk3 adenovirus (ad-Ripk3) was infected into the hearts of melatonin-injected mice to induce Ripk3 overexpression and to validate whether melatonin inhibited LPS-induced septic cardiomyopathy via Ripk3. As shown in Fig. 1A -E, compared to the LPS group, Ripk3 deletion significantly reduced the levels of inflammatory factors, similar to the results obtained in animals treated with melatonin. Interestingly, the ad-Ripk3 injection abolished the inhibitory effect of melatonin on the inflammatory response. This finding was further supported by results obtained from cardiomyocytes in vitro using qPCR. Compared to the normal cardiomyocytes ( Fig. 1F-H) , the LPS treatment increased the levels of transcripts encoding inflammatory factors, including TNFα, IL-1 and MCP1. Interestingly, the melatonin treatment decreased the levels of the transcripts encoding inflammatory factors; this effect was negated by ad-Ripk3 transfection ( Fig. 1F-H) .
Then, immunofluorescence staining was used to observe myocardial inflammation in response to LPS treatment and/or melatonin supplementation. As shown in Fig. 1I -J, compared to the control group, the LPS treatment increased the immunofluorescence intensity of Gr1, a surface marker of neutrophils. Interestingly, Ripk3 deletion and/or melatonin treatment reduced Gr1 expression in LPS-treated hearts. However, ad-Ripk3 transfection abolished the regulatory effect of melatonin on Gr1 + neutrophil accumulation ( Fig. 1I-J) . Subsequently, myocardial inflammation and injury were further evaluated via analyzing the levels of cardiac damage markers using ELISAs. In response to the LPS treatment, the levels of cardiac damage markers, such as LDH, troponin T (Tn-T) and CK-MB, were rapidly increased by LPS stress and were reversed to near-normal levels after treatment with melatonin ( Fig. 1K-M) ; the beneficial effects of melatonin were neutralized by ad-Ripk3 transfection. Based on these results, LPS-induced septic cardiomyopathy appeared to be associated with Ripk3 upregulation, and melatonin attenuated LPS-induced myocardial inflammation and injury by reducing Ripk3 expression.
The inhibitory effect of melatonin on Ripk3 sustains heart function
An excessive inflammatory response would impair heart function. Therefore, echocardiography was used to detect alterations in heart function upon exposure to LPS. As shown in Fig. 2A-D , compared to the control group, the left ventricular ejection fraction (LVEF), fractional shortening (LVFS) and left ventricular end systolic pressure (LVESP) were decreased in response to the LPS treatment. In contrast, the left ventricular end-diastolic pressure (LVEDP) were increased in LPStreated mice. Interestingly, Ripk3 deletion and/or melatonin treatment reversed the changes in cardiac function induced by LPS ( Fig. 2A-D) ; the effect of melatonin was abolished by ad-Ripk3 transfection. Subsequently, cardiomyocytes were isolated from LPS-treated mice and the cardiomyocyte mechanical parameters were monitored to further analyze the changes in cardiomyocyte contractile properties. As shown in Fig. 2E -J, compared to the control group, the LPS treatment had no effect on cardiomyocyte length. Interestingly, cardiomyocytes isolated from LPS-treated mice exhibited reduced peak shortening, an effect that occurred concomitantly with a decrease in the maximal velocity of shortening (+dL/dt) and the maximal velocity of relengthening (-dL/ dt). Additionally, LPS-treated cardiomyocytes also displayed an increased time-to-90% relengthening (TR90) and time-to-shortening (TPS). Thus, LPS impaired the contractile and diastolic functions of cardiomyocytes (Fig. 2E-J) . Notably, genetic ablation of Ripk3 and/or the melatonin treatment improved the mechanical parameters of cardiomyocyte, despite treatment with LPS, and the beneficial effects of melatonin were abolished by ad-Ripk3 transfection. Taken together, melatonin improved LPS-induced cardiac dysfunction via inhibiting Ripk3 expression.
LPS-mediated degradation of the cardiomyocyte contractile cytoskeleton is reversed by melatonin
A well-structured cardiomyocyte contractile cytoskeleton is a prerequisite for the contractile function of the heart. Moreover, cytoskeletal degradation is an early event in cardiomyocyte dysfunction and/or death [70] . Therefore, immunofluorescence staining was used to observe the alterations in the cardiomyocyte contractile cytoskeleton in response to the LPS treatment in vitro. As shown in Fig. 3A-C, compared to the control group, the fluorescence intensity of Myosin was significantly decreased in response to LPS treatment (white arrows), indicating cytoskeletal degradation. Interestingly, the melatonin treatment reversed the changes in Myosin expression, and this effect was negated by ad-Ripk3 transfection. To verify whether cardiomyocyte contractile cytoskeleton was specifically modulated by melatonin, tubulin, a component of the noncontractile cytoskeleton, was costained in cardiomyocytes. Interestingly, neither melatonin nor LPS altered tubulin levels (Fig. 3A-C) , reconfirming that the cardiomyocyte contractile cytoskeleton is specifically modulated by melatonin in the setting of LPS-induced septic cardiomyopathy. Additionally, electron microscopy was used to observe the alterations in the cardiac ultrastructure in vivo. As shown in Fig. 3D , compared to the control mice, myocytes from the septic hearts lost the majority of t-tubules and their regular striated pattern. Moreover, the Z line disappeared and myocardial fibers had degraded in LPS-treated mice (red arrows in Fig. 3D) . Interestingly, the melatonin treatment maintained the heart ultrastructure by suppressing Ripk3 expression (yellow arrows in Fig. 3D) . Accordingly, the above results verify the necessary role of melatonin in maintaining the cardiomyocyte contractile cytoskeleton in the context of LPS-induced septic cardiomyopathy.
Melatonin reduces cardiomyocyte death in LPS-induced septic cardiomyopathy
Ripk3 is associated with cell death via either apoptosis or necroptosis. In the present study, the TUNEL assay was used to detect cardiomyocyte death in vivo. As shown in Fig. 4A -B, compared to the control group, LPS-treated mice exhibited an increased percentage of TUNEL-positive cardiomyocytes. However, the loss of Ripk3 and/or treatment with melatonin reduced the LPS-induced cardiomyocyte death. Notably, ad-Ripk3 transfection abolished the pro-survival effect of melatonin on LPS-treated hearts. This finding was also supported by the results from in vitro experiments using an MTT assay and the LDH release assay. As shown in Fig. 4C , compared to the control group, the LPS treatment reduced the viability of cardiomyocytes, as assessed by MTT assay, an effect that was followed by an increase in LDH release into the cardiomyocyte medium (Fig. 4D ) and indicates cell death in response to the LPS treatment. Interestingly, the loss of Ripk3 and/or treatment with melatonin increased cardiomyocyte viability and reduced cell death ( Fig. 4C-D) . However, ad-Ripk3 transfection neutralized the protective effect of melatonin on LPS-treated cardiomyocytes.
The TUNEL assay and caspase-3 staining were performed simultaneously in vitro using methods described in a previous study [71, 72] to determine whether cardiomyocyte death occurred via apoptosis or necroptosis. Apoptotic cardiomyocytes, whose nuclei were stained with TUNEL, displayed increased caspase-3 expression. In comparison, caspase-3 was not activated during necroptosis. As shown in Fig. 4E-G (Fig. 4E-G) . Thus, LPS-induced sepsis was associated with cardiomyocyte death via necroptosis. However, melatonin could maintain cardiomyocyte viability in the setting of septic cardiomyopathy by suppressing Ripk3 expression.
LPS-activated Ripk3 disturbs mitochondrial bioenergetics and promotes mitochondrial oxidative stress
Previous studies have identified the mitochondrion as the potential candidate organelle contributing to septic cardiomyopathy. At the molecular level, ATP is primarily produced by the mitochondria and assists in the cardiac contractile function [73] . In the present study, the ATP content was significantly decreased in LPS-treated cardiomyocytes (Fig. 5A) . However, the Ripk3 deletion and/or melatonin treatment reversed the changes in ATP levels; the effect of melatonin was abrogated by ad-Ripk3 transfection. Subsequently, mitochondrial respiratory function was monitored by determining the oxygen consumption rate (OCR). As shown in Fig. 5B-F , compared to the control group, the baseline OCR, proton leakage, maximal respiratory capacity and ATP turnover were rapidly decreased by LPS. Interestingly, the melatonin treatment reversed the changes in mitochondrial respiration by modulating Ripk3 expression (Fig. 5B-F) . This result indicates that mitochondrial bioenergetic is inhibited by LPS due to Ripk3 upregulation and that melatonin maintains mitochondrial energy metabolism in cardiomyocytes by inhibiting Ripk3 expression.
Mitochondrial bioenergetics is closely associated with mitochondrial membrane potential. In Fig. 5G -H, mitochondrial membrane potential, as assessed via JC-1 probe, was reduced in response to LPS treatment and was reversed to near-normal levels with Ripk3 deletion. Similarly, melatonin treatment also stabilized mitochondrial potential in LPS-treated cells and this mitochondrial protective effect of melatonin was negated by Ripk3 overexpression (Fig. 5G-H) , suggesting that melatonin modulated mitochondrial potential via suppressing Ripk3. As a consequence of mitochondrial potential reduction, the mitochondria might release ROS into cytoplasm, and increased ROS production is associated with oxidative injury, a component of the pathogenesis of septic cardiomyopathy. Accordingly, mitochondrial ROS overloading was detected using flow cytometry. As shown in Fig. 5I , compared to the control cells, LPS stimulation increased mROS production in cardiomyocytes, and this effect was abolished by melatonin via reducing Ripk3 expression. Subsequently, ELISAs were used to observe the alterations in antioxidant levels. In response to LPS, the levels of SOD, GSH and GPX were decreased in cardiomyocytes (Fig. 5J-L) . Interestingly, the melatonin treatment reversed the changes in SOD, GSH and GPX levels by modulating Ripk3 expression (Fig. 5J-L) . Thus, LPS also disrupted mitochondrial respiratory function and redox balance, and Fig. 2 . LPS-mediated septic cardiomyopathy could be improved by melatonin. A-D. Cardiac function was measured using echocardiography. Then, cardiac systolic and diastolic functions were calculated. Melatonin was injected into the LPS-treated hearts. Adenovirus-loaded Ripk3 (ad-Ripk3) was injected into melatonintreated hearts to reverse Ripk3. E-J. Cardiomyocyte mechanical parameters were monitored using a VEVO 2100 high-resolution imaging system. Cardiomyocytes were isolated from LPS-treated mice and melatonin-treated mice. Then, the resting cell length, peak shortening, time-to-90% relengthening (TR90), time-toshortening (TPS), the maximal velocity of shortening (+dL/dt) and the maximal velocity of relengthening (-dL/dt) were determined. *p < 0.05. these changes were reversed by melatonin through a mechanism depending on Ripk3 suppression.
Melatonin also modulates mitochondrial dynamics by repressing Ripk3 expression
Recent studies have found that mitochondrial functions, including mitochondrial energy metabolism, mitochondrial calcium homeostasis, Fig. 3 . Melatonin sustained the myocardial contractile cytoskeleton in response to LPS-induced myocardial injury. A-C. Immunofluorescence staining was used to observe the alterations in the cardiac contractile cytoskeleton in vitro. A myosin antibody was used to stain the contractile cytoskeleton. Additionally, tubulin, a component of the noncontractile cytoskeleton in cardiomyocytes, was also stained with a tubulin antibody. Then, the fluorescence intensities of myosin and tubulin were measured. White arrows indicate the myosin degratadion. Bar: 35 μm. D. Electron microscopy was used to observe the alterations in the structure of the cardiac contractile cytoskeleton in vivo. Yellow arrows indicate the Z line in the myocardium. Red arrows indicate the destruction of myocardial fibers. Bar: 2 μm *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 4 . LPS triggered cardiomyocyte death via necroptosis. A-B. The TUNEL assay was used to evaluate cell death in response to the LPS injection and/or melatonin treatment. The percentage of TUNEL-positive cells was measured. Bar: 180 μm. C. Cardiomyocytes were isolated from mice and then treated with LPS or melatonin. Then, cell viability was evaluated using the MTT assay. D. After treatment with melatonin and/or LPS, the concentrations of LDH were determined using an ELISA, which was used to monitor cardiomyocyte death in response to LPS stress. E-G. In vitro, cardiomyocytes were treated with LPS and/or melatonin. Then, the TUNEL assay and cleaved caspase-3 immunofluorescence staining were conducted. The percentage of TUNEL + /cleaved caspase-3 + cardiomyocytes was counted to determine the number of apoptotic cells. Additionally, the number of TUNEL + /cleaved caspase-3 -cardiomyocytes was calculated as the necroptotic cells. Bar: 75 μm *p < 0.05.
(caption on next page) Fig. 5 . Mitochondrial bioenergetics were negatively modulated by melatonin through a reduction in Ripk3 expression. A. Cardiomyocytes were isolated from WT and Ripk3-KO mice and then treated with LPS. Subsequently, ATP production was measured to reflect mitochondrial energy metabolism. B-F. Mitochondrial respiratory function was determined by analyzing the mitochondrial oxygen consumption rate (OCR). The baseline OCR, proton leak OCR, maximal respiratory capacity OCR, and ATP turnover OCR were determined. G-H. Mitochondrial membrane potential was measured via JC-1 probe. I. Cardiomyocytes were isolated from WT and Ripk3-KO mice. Then, mitochondrial ROS were stained with MitoSOX red, a mitochondrial superoxide indicator, and mitochondrial ROS production was analyzed using flow cytometry. J-L. Cardiomyocytes were lysed and then ELISAs were used to determine changes in the levels of the antioxidants GSH, GOD and GPx. *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 6 . Mitochondrial dynamics were modified by melatonin in a manner dependent on Ripk3 repression. A-B. Mitochondrial morphology was determined using immunofluorescence staining with a Tom-20 antibody. In response to the LPS treatment, the mitochondria were divided into several fragments, and these alterations were reversed by melatonin. Then, the mitochondrial length was measured in different groups. Bar: 20 μm. C-M. Mitochondrial fission factors, mitochondrial fusion parameters, and mitophagy markers were determined using western blotting. Drp1 and Mff were the mitochondrial fission factors. Mfn2 and Opa1 were the mitochondrial fusion parameters. Beclin1 and Parkin were the mitophagy markers. *p < 0.05. mitochondrial oxidative stress and mitochondrial apoptosis, are modulated by mitochondrial dynamics [74] [75] [76] . Accordingly, we wanted to determine whether melatonin maintained the mitochondrial energy metabolism and redox balance via regulating mitochondrial dynamics. First, the mitochondrial structure was observed via immunofluorescence staining. As shown in Fig. 6A -B, compared to the control group, the LPS treatment induced the mitochondria to divide into several fragments. The average length of the mitochondria was reduced to~4.4 μm in cardiomyocytes. Interestingly, the melatonin treatment and/or Ripk3 deletion preserved the mitochondrial structure and increased the mitochondrial length to~9.2 μm after the LPS treatment. Notably, the transfection of ad-Ripk3 into melatonin-treated cardiomyocytes induced mitochondrial fragmentation, an effect that was accompanied with by a decrease in mitochondrial length (Fig. 6A-B) . Based on these results, LPS disturbed mitochondrial dynamics, and melatonin maintained the mitochondrial network via reducing Ripk3 expression. Subsequently, western blotting was performed to observe mitochondrial dynamics. First, the levels of proteins related to mitochondrial fission (Fig. 6C-I) , such as Drp1, Mff and Fis1, were rapidly increased in LPS-treated hearts in vivo. Additionally, the levels of mitochondrial fusion factors, such as OPA1, Mfn1 and Mfn2 (Fig. 6C-I ), were significantly decreased by the LPS treatment. Moreover, the levels of mitophagy markers, such as PINK1, Parkin, and Beclin1, were also inhibited in LPS-treated hearts, a result that was followed by an accumulation of p62, indicative of mitochondrial autophagy arrest (Fig. 6C-M) . Interestingly, treatment with melatonin prevented the increase in the levels of mitochondrial fission factors and reversed the decrease in the levels of mitochondrial fusion proteins (Fig. 6C-I ). In addition, mitophagy activity was also enhanced by melatonin in LPS-treated hearts (Fig. 6C-M) . Notably, ad-Ripk3 transfection abolished the regulatory effects of melatonin on mitochondrial dynamics, as evidenced by increased mitochondrial fission, decreased mitochondrial fusion and inactive mitophagy (Fig. 6C-M) . Taken together, our results indicate that mitochondrial dynamics are disturbed by LPS and are reversed to near-normal levels by the melatonin treatment through the suppression of Ripk3 expression.
Melatonin modifies LPS-induced ER stress and calcium imbalance in sepsis-induced cardiomyopathy
In addition to mitochondrial damage, ER stress has also been shown to be associated with the progression of septic cardiomyopathy. Western blotting analyses revealed increased levels of proteins related to ER stress, such as PERK, CHOP and GRP78, in LPS-treated mice (Fig. 7A-D) , and these changes were reversed by Ripk3 deletion and/or melatonin treatment (Fig. 7A-D) . Notably, the transfection of ad-Ripk3 abolished the inhibitory effects of melatonin on ER stress (Fig. 7A-D) . Mechanistically, the ER is an intracellular Ca 2+ store that primarily regulates cytosolic Ca 2+ signaling. Accordingly, Fura-2 was used to detect alterations in cellular calcium signaling in LPS-treated cardiomyocytes. As shown in Fig. 7E -F, compared to the control group, the LPS treatment increased the cytoplasmic calcium concentrations, and this effect was negated by melatonin through the repression of Ripk3 expression ( Fig. 7E-F) . Thus, LPS-mediated cytoplasmic calcium overloading was reversed be melatonin. Based on previous studies, the ER controls intracellular calcium homeostasis by modifying the expression of calcium pumps [77] . Two types of calcium pumps have been identified in the ER. One is calcium release channels, such as IP3R. The other is calcium uptake proteins, such as SERCA. Interestingly, IP3R expression was upregulated and SERCA expression was downregulated in LPS-treated hearts (Fig. 7G-I ). The loss of Ripk3 and/or treatment with melatonin reversed the decrease in SERCA expression and reduced the levels of IP3R (Fig. 7G-I ). Based on our results, ER stress was also activated in septic cardiomyopathy, and melatonin attenuated ER stress and subsequently reversed changes in cardiomyocyte calcium homeostasis.
Melatonin normalizes the cardioprotective signals in LPS-treated hearts by reducing Ripk3 expression
Finally, we explored the effect of melatonin on cardioprotective signaling in LPS-treated hearts. Based on previous findings, three key signaling pathways are responsible for cardioprotective signaling: AKT, ERK and AMPK. In addition, two cardiac damage signals have been shown to exacerbate myocardial injury: the JNK and Mst1 pathways. In the present study, the levels of p-AKT, p-ERK, and p-AMPK were significantly decreased in LPS-treated hearts (Fig. 8A-F) . Interestingly, the melatonin treatment reversed the changes in the activity of AKT, ERK and AMPK, as evidenced by increased p-AKT, p-ERK and p-AMPK levels ( Fig. 8A-F) . Notably, the effects of melatonin on promoting the cardiac expression of pro-survival signals were negated by ad-Ripk3 transfection. Thus, cardioprotective signals were actually activated by melatonin in the setting of LPS-induced septic cardiomyopathy.
In contrast, the levels of p-JNK and Mst1 were rapidly increased in response to the LPS treatment (Fig. 8A-F) , indicating the activation of the JNK and Mst1 pathways. However, the melatonin treatment decreased p-JNK and Mst1 levels, and these effects were negated by adRipk3 transfection (Fig. 8A-F) , suggesting that cardiac damage signals are inhibited by melatonin via the repression of Ripk3. This finding was also validated in cardiomyocytes using immunofluorescence staining. Compared to the control cells, LPS-treated cardiomyocytes exhibited lower levels of p-AKT and higher levels of p-JNK. Notably, melatonin mediated AKT activation and JNK inhibition in LPS-treated cells, and these alterations were neutralized by ad-Ripk3 transfection (Fig. 8G-I ). Based on these results, melatonin normalized the cardioprotective signals in LPS-induced septic cardiomyopathy.
Discussion
LPS-induced septic cardiomyopathy is associated with mitochondrial injury, inflammatory damage and ER stress. An understanding of the molecular mechanisms of these pathogenic processes may facilitate the development of new treatment modalities for septic cardiomyopathy. In the present study, we reported that Ripk3 upregulation seemed to be a primary upstream mediator of septic cardiomyopathy. Increased Ripk3 expression impaired cardiac function, amplified the myocardial inflammatory response, and induced cardiomyocyte death. From a molecular perspective, higher Ripk3 expression promoted the degradation of the contractile cytoskeleton, induced the collapse of the mitochondrial energy metabolism, generated imbalanced mitochondrial dynamics, promoted oxidative stress, initiated ER stress, elicited cytoplasmic calcium overloading and hindered cardioprotective signals in cardiomyocytes. Interestingly, LPS-mediated cardiac dysfunction, mitochondrial injury and ER stress were prevented by a melatonin injection through a mechanism attributed to Ripk3 suppression. To our knowledge, this investigation is the first to substantiate the sufficiency of pathogenically relevant degrees of Ripk3-modified mitochondrial injury and ER stress in aggravating LPS-induced septic cardiomyopathy, as well as the necessary role for melatonin as an effective agent to prevent sepsis-induced myocardial injury.
The multiple regulatory effects of melatonin on inflammatory injury have been widely explored [78, 79] . In pancreatic inflammation, a neonatal brain inflammation model, muscular inflammation damage, chronic obstructive pulmonary disease, and diabetic retinopathy, melatonin modulates the inflammatory response and attenuates tissue damage. This inflammation indicates that melatonin may be useful in fighting against sepsis due to its anti-inflammatory actions. This hypothesis is subsequently supported by several in-depth studies. For example, melatonin reduces the mortality of septic mice by disrupting the NF-κB/NLRP3 interaction, attenuating septic liver dysfunction via reversing changes in mitochondrial complex I activity [80] , combatting bacterial infection via preventing bacterial translocation [81] , and reducing brain injury via neutralizing oxidative stress. Moreover, the beneficial effect of melatonin on septic cardiomyopathy has also been validated in many careful investigations, and the possible protective mechanisms involved include the protection of mitochondrial function, modification ER homeostasis and control of inflammation. However, the exact regulatory machinery by which melatonin exerts its protective effect and the primary molecules that fine-tune mitochondrial function and ER homeostasis remain to be elucidated. The present study identifies Ripk3 as a primary pathogenic factor that acts by amplifying mitochondrial dysfunction, ER stress and the inflammatory response, revealing a striking pattern of mutual interactions between Ripk3, the mitochondria and ER. On the other hand, from a therapeutic perspective, clinicians should remember that the therapeutic effect of melatonin is mainly ascribed to its inhibitory action on Ripk3.
In addition to Ripk3, the present study reports three novel findings. First, we reported that mitochondrial dynamics were disturbed in septic cardiomyopathy, as evidenced by increased mitochondrial fission, decreased mitochondrial fusion and inactive mitophagy. Abnormal mitochondrial dynamics were associated with mitochondria energy depletion, participating in myocardial contractile dysfunction [82] . Second, ER stress and ER-modulated cardiomyocyte calcium disturbances were also noted in LPS-induced septic cardiomyopathy. Although previous studies have reported altered ER function in inflammation-mediated myocardial injury, little evidence is available to explain the causal role of ER in LPS-induced septic cardiomyopathy. Our results demonstrated that LPS-mediated ER stress was associated with calcium overloading and calcium channel dysfunction. This finding may explain the mechanisms underlying myocardial depression in septic subjects. Third, we reported that cardiomyocyte cytoskeletal degradation also occurred in the LPS-treated hearts due to Ripk3 upregulation. In addition to maintaining the mitochondrial ATP supply and calcium homeostasis, cardiomyocytes must employ the contractile cytoskeleton to ensure heart systole and diastole. Accordingly, more attention should be paid to the regulatory mechanisms underlying the sepsis-induced disintegration of the cardiomyocyte cytoskeleton. Collectively, these three novel findings may lay the foundation to improve our understanding of the etiology of LPS-induced septic cardiomyopathy.
More importantly, our results provided ample data to support the use of melatonin as an effective and practical treatment to attenuate septic myocardial injury. At the molecular level, the melatonin treatment reversed changes in mitochondrial dynamics, ameliorated ER stress and prevented the disassembly of the cardiomyocyte cytoskeleton by repressing Ripk3. This study is the first to comprehensively report the multiple impacts of melatonin on the mitochondria, ER and cardiomyocyte cytoskeleton. Therefore, it is necessary to point out that our data also provide new evidence to explain the defensive role of melatonin in sepsis-induced myocardial depression.
There are several limitations in the present study. First, an ad-Ripk3 injection was used to overexpress Ripk3 in the myocardium. However, a better method would be to apply Ripk3 transgenic mice for the rescue experiments of Ripk3. Second, little is known about the mechanisms by which melatonin represses Ripk3 expression. Additional investigations are required to verify whether melatonin transcriptionally and/or posttranscriptionally affected the stability of Ripk3 following LPS challenge. Third, melatonin is a kind of antioxidant and the ROS suppressive effect of melatonin contributes to cardiomyocyte survival in the setting of Fig. 7 . LPS-induced ER stress and cytoplasmic calcium overloading were inhibited by melatonin. A-D. Cardiomyocytes were isolated from WT and Ripk3-KO mice. Then, the levels of proteins related to ER stress, such as PERK, CHOP, and GRP78, were determined using western blotting. E-F. Cardiomyocyte calcium concentrations was determined using Fura-2AM staining. Subsequently, the fluorescence intensity of calcium was calculated in cells treated with LPS and/or melatonin. Bar: 65 μm. G-I. Proteins were isolated from cardiomyocytes and then western blotting was used to observe the changes in proteins related to ER calcium homeostasis. *p < 0.05. sepsis-induced myocardial depression. However, there are several other antioxidants molecules and thus more studies are necessary to further compare the therapeutic effects of melatonin and other antioxidant factors in septic cardiomyopathy.
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